Eckert DJ, Saboisky JP, Jordan AS, White DP, Malhotra A. A secondary reflex suppression phase is present in genioglossus but not tensor palatini in response to negative upper airway pressure. J Appl Physiol 108: 1619 -1624, 2010. First published April 8, 2010 doi:10.1152/japplphysiol.01437.2009.-On the basis of recent reports, the genioglossus (GG) negative-pressure reflex consists initially of excitation followed by a secondary state-dependent suppression phase. The mechanistic origin and functional role of GG suppression is unknown but has been hypothesized to arise from transient inhibition of respiratory active neurons as a protective reflex to prevent aspiration, as observed in other respiratory muscles (e.g., diaphragm) during airway occlusion. Unlike GG, tensor palatini (TP) is a tonic muscle with minimal respiratory phasic activation during relaxed breathing, although both muscles are important in preserving pharyngeal patency. This study aimed to compare GG vs. TP reflex responses to the same negative-pressure stimulus. We hypothesized that reflex suppression would be present in GG, but not TP. Intramuscular GG and TP EMGs were recorded in 12 awake, healthy subjects (6 female). Reflex responses were generated via 250-ms pulses of negative upper airway pressure (approximately Ϫ16 cmH2O mask pressure) delivered in early inspiration. GG and TP demonstrated reflex activation in response to negative pressure (peak latency 31 Ϯ 4 vs. 31 Ϯ 6 ms and peak amplitude 318 Ϯ 55 vs. 314 Ϯ 26% baseline, respectively). A secondary suppression phase was present in 8 of 12 subjects for GG (nadir latency 54 Ϯ 7 ms, nadir amplitude 64 Ϯ 6% baseline), but not in any subject for TP. These data provide further support for the presence of excitatory and inhibitory components of GG (phasic muscle) in response to brief upper airway negative-pressure pulses. Conversely, no reflex suppression below baseline was present in TP (tonic muscle) in response to the same stimuli. These differential responses support the hypothesis that GG reflex suppression may be mediated via inhibition of respiratory-related premotor input.
THE ABILITY OF THE UPPER AIRWAY dilator muscles to respond to subatmospheric (collapsing) pressure is crucial in maintaining a patent upper airway. The genioglossus (GG) is the largest pharyngeal dilator muscle and is reflexively activated to oppose upper airway collapse in response to negative upper airway pressure (17, 26, 27) . Similarly, the palatal upper airway dilator muscle, tensor palatini (TP), also displays reflex activation in animals and humans in response to rapid application of negative upper airway pressure (3, 24, 39) . However, the responsiveness of these excitatory reflexes may be attenuated during sleep (16, 38, 39) and, hence, may contribute to sleep-disordered breathing in individuals with an anatomically vulnerable upper airway. Thus, understanding the underlying mechanisms and behavior of upper airway dilator muscle reflexes provides important insight into the pathogenesis of sleep-disordered breathing.
While TP and GG have been shown to respond reflexively to rapid changes in upper airway pressure of relatively large magnitude (Ͻ10 cmH 2 O) in a similar manner (24, 39) during relaxed breathing, GG displays a phasic pattern of activation, whereas TP exhibits only tonic activation with no apparent respiratory modulation (36) . Thus, GG activity increases during inspiration to dilate or stiffen the upper airway and oppose upper airway collapse, and GG is less active during expiration, when pharyngeal pressure is positive (20, 34) . The phasic activation is believed to be generated via the combination of input from respiratory active neurons in the medulla and reflex feedback from negative pharyngeal pressure (1, 18, 20, 23 ). Conversely, the tonic level of activity displayed by TP during relaxed breathing is highly dependent on state [its activity decreases markedly from wakefulness to sleep (43) ], but input from respiratory pattern generator neurons or the negative upper airway pressure that is generated during relaxed breathing (i.e., ϳ1-2 cmH 2 O) is minimal (20, 37) .
Earlier studies in healthy individuals that utilized movingtime-averaging smoothing techniques suggested that the reflex response of GG to rapid upper airway negative pressure was solely excitatory (17) and largely attenuated during sleep (16, 35, 38) . However, more recent data demonstrate maintenance of GG reflex activity in response to negative-pressure pulse stimuli in the supine posture during non-rapid eye movement sleep (13, 14, 24) and the presence of a state-dependent longer-latency reflex suppression (14) . The mechanistic origin and functional significance of GG reflex suppression are unknown but have been hypothesized to arise from transient inhibition of respiratory active neurons, as occurs in other respiratory phasic muscles (i.e., scalene, parasternal intercostals, and diaphragm) (7, 8, 14, 19) . Reflex suppression of respiratory phasic muscles in response to brief airway occlusion or sudden upper airway obstruction/negative pressure has been postulated to be protective: via reducing intraluminal negative pressure to prevent aspiration of foreign objects or further upper airway collapse in situations of chronic airflow obstruction (e.g., snoring and asthma) (7, 8, 14, 19) . Indeed, during wakefulness, reflex suppression of respiratory phasic muscles (i.e., scalene, parasternal intercostals, and diaphragm) in response to sudden respiratory loading during inspiration is more pronounced in obstructive sleep apnea patients, and there is a positive correlation between reflex suppression and the respiratory disturbance index (19) . While such responses are likely beneficial for most phasic respiratory muscles, reduced output to the largest upper airway dilator muscle in the pres-ence of rapid upper airway negative pressure is likely deleterious for patients with sleep-disordered breathing. In addition, the recently reported state dependence of GG reflex suppression (more pronounced reflex suppression during sleep, particularly rapid eye movement sleep) (14) further suggests that this phenomenon may be important in the pathophysiology of sleep-disordered breathing.
In this study, we utilized the known differential inputs to these two representative upper airway dilator muscles [GG (phasic with strong respiratory input) vs. TP (tonic with minimal respiratory input)] to gain insight into the potential contribution of respiratory-related premotor input to GG reflex suppression. Specifically, we aimed to compare the reflex responses of GG vs. TP to the same negative-pressure stimulus during a constant state (wakefulness) in healthy individuals. We hypothesized that reflex suppression would be present in the respiratory phasic GG, but not the tonic TP.
MATERIALS AND METHODS

Subject Selection
Thirteen healthy, nonsmoking men and women with no history of respiratory disease, sleep-disordered breathing, or regular medication use gave informed written consent to participate in the study. Female subjects were postmenopausal (2 subjects) or were studied in the follicular phase of the menstrual cycle (4 subjects). The study was approved by the Institutional Review Board of the Brigham and Women's Hospital.
Measurements and Equipment
Upper airway reflexes. Both nostrils were decongested (0.05% oxymetazoline HCl), and the more patent nostril was anesthetized (4% lidocaine HCl) for insertion of two pressure-tipped catheters (model MCP-500, Millar, Houston, TX), which were used to monitor upper airway stimulus magnitude during negative-pressure pulses. One catheter was advanced 1-2 cm below the base of the tongue under direct visualization for measurement of pressure at the level of the epiglottis (P epi) and the other to the level of the choanae (Pcho). Two Tefloncoated stainless steel fine-wire intramuscular electrodes (71 m OD; catalog no. AS 765-36, Cooner Wire, Chatsworth, CA), with 2 mm removed from the tip, were inserted, via a 25-gauge needle, 3-4 mm on either side of the frenulum to a depth of ϳ1.5 cm after surface anesthesia (4% lidocaine HCl) to create a bipolar EMG recording of GG activity (EMG GG). Similarly, two Teflon-coated fine-wire intramuscular electrodes were inserted at a 45°angle along the lateral surface of the medial pterygoid plate, to a depth of ϳ10 -15 mm into the palate, to create a bipolar EMG recording of TP activity (EMG TP). Each subject was fitted with a nasal mask (Gel Mask, Respironics, Murrysville, PA) equipped with a pneumotachograph (model 3700A, Hans Rudolf, Kansas City, MO) and differential pressure transducer (Validyne, Northridge, CA) for measurement of airflow. An additional pressure transducer was fitted to the mask [mask pressure (P mask)]. End-tidal PCO2 (PETCO 2 ) was also monitored at the nares. Upper airway negative-pressure pulses (nadir Pmask approximately Ϫ16 cmH2O, 250-ms duration) were delivered during early inspiration via a computer-controlled rapid-actuating solenoid-valve system, where one arm of the circuit was connected to room air and the other to a negative-pressure reservoir. The breathing circuit and the procedures utilized to deliver negative-pressure pulses were similar to those previously described (14) . Analog signals were acquired on a 1401 Plus interface and Spike 2 software (Cambridge Electronic Design, Cambridge, UK). EMG and pressure signals were sampled at 2 kHz and filtered at 30 -1,000 Hz.
Polysomnography. Electroencephalograms, left and right electrooculograms, and surface submentalis EMG were applied to monitor wakefulness during reflex data collection and for sleep staging and arousal scoring during the overnight polysomnogram (PSG). In addition, after reflex data collection, a finger pulse oximeter was used to monitor blood arterial O 2 saturation, surface tibialis EMG to measure leg movements, chest and abdominal belts to measure breathing movements, and a thermistor plus a nasal pressure probe to monitor airflow. PSG data were acquired using a commercially available system (Nihon Kohden, Tokyo, Japan).
Protocol
Subjects arrived at the laboratory at ϳ6 PM having abstained from alcohol and caffeine for Ն12 h. After the subjects gave informed consent, the sensors and equipment were fitted, and several negativepressure pulses were delivered for familiarization/habituation purposes. Subjects were studied in the supine posture. For elicitation of EMG reflex responses, negative-pressure pulses were delivered at random during stable relaxed breathing every 2-10 breaths during a 45-min wakefulness period (Fig. 1) .
At the completion of the reflex data collection period, the nasal mask and upper airway catheters were removed, and the subjects were outfitted with the remaining PSG equipment. Participants were then left undisturbed for 8 h, during which an overnight PSG was recorded to quantify the apnea-hypopnea index to rule out the presence of sleep-disordered breathing (defined as Ͻ10 events/h sleep) in these healthy individuals.
Data Analysis and Statistical Procedures
A trained sleep technician blinded to the reflex data defined the presence of arousals and performed sleep staging and scored respiratory events according to standard criteria (2, 31) . PET CO 2 immediately prior to and during the negative-pressure pulse protocol was analyzed on a breath-by-breath basis with use of custom-designed semiautomated software. The P mask at which the rate of change in pressure was most negative during pulse presentation was identified to align each individual pulse to an accurately identifiable and highly reproducible reference point for EMG event-related analyses, as described previously (13, 14) . This point was used to time-align all replicate pulses for ensemble averaging. Stimulus onset (time 0) was defined in the conventional manner as the last point preceding the sudden decrement in the ensemble-averaged P mask following solenoid activation (Fig.  1B) . Negative-pressure pulse stimulus magnitude was calculated for each subject as the nadir pressure observed in the ensemble-averaged waveform in each of the pressure channels (P mask, Pcho, and Pepi). Negative-pressure pulses were excluded from analysis if 1) they were delivered during, or in the breath following, a sigh or a swallow, 2) they were delivered in a 30-s epoch immediately following any intrusion of sleep (as determined by EEG), 3) poor signal integrity (e.g., movement artifact or mucus accumulation on pressure catheters yielding artifacts). All remaining raw EMG recordings were full-wave rectified and ensemble-averaged to derive the EMG GG and EMGTP responses for each subject. Using custom-designed semiautomated software, each individual subject's ensemble-averaged, rectified EMG reflex responses were visually inspected to measure the presence, timing, and amplitude of each positive and negative component of the EMG response, as described previously (13, 14) . Briefly, EMG reflex amplitude data were expressed as a percentage of the baseline average EMG activity for the 100 ms preceding pulse onset. This approach is similar to that described in previous studies, in which reflex amplitude data were expressed as the percent change from the preceding 100-ms period (9, 19) . Excitation onset was defined as the point at which the rectified EMG signal crossed baseline prior to the first sustained (Ͼ10-ms) positive EMG peak. Where present, suppression onset was defined as the first point at which the rectified EMG recording crossed the baseline level for a sustained (Ͼ10-ms) period following the peak of the excitation response. Suppression cessation was defined as the first point at which the rectified EMG returned to baseline levels following the suppression nadir. Examples of representative EMG GG and EMGTP reflex responses and the criteria used to define the various reflex characteristics are displayed in Fig. 2 .
GG and TP reflex latency and amplitude responses were compared using Student's paired t-tests. Statistical significance was inferred when P Ͻ 0.05. All group data are reported as means Ϯ SE.
RESULTS
Anthropometric and Sleep Characteristics
One subject experienced sensations of claustrophobia when the nasal mask was applied; thus no reflex data were obtained from this subject. The mean age and body mass index for the 12 subjects (6 female) were 41 Ϯ 3 (range 27-56) yr and 25 Ϯ 1 (range 21-29) kg/m 2 , respectively. Absence of sleep-disordered breathing was confirmed in subjects with mean apnea-hypopnea index of 4 Ϯ 1 (range 0 -9) events/h sleep.
Upper Airway Muscle Reflex Responses to Brief Pulses of Negative Pressure
PET CO 2 did not differ during the baseline period immediately before vs. during the negative-pressure pulse protocol (42.9 Ϯ 1.1 vs. 43.3 Ϯ 1.3 Torr, P ϭ 0.831). Phasic activity of the raw EMG GG was observed in all subjects during relaxed breathing, whereas EMG TP showed a tonic level of activation without phasic changes with inspiration ( Fig. 1) . EMG peak reflex amplitudes, latency characteristics, the number of reflex suppression instances, stimulus properties, and the number of artifact-free negative-pressure pulse stimuli used to derive ensemble-average responses are summarized in Table 1 . Negative-pressure pulse stimuli resulted in a short-latency peak in GG and TP (Figs. 1 and 2 , Table 1 ). The onset of this initial peak occurred earlier for TP than GG (P ϭ 0.02), but reflex amplitude and peak latency were not different (Table 1) . A secondary reflex suppression phase of the rectified EMG below baseline was present in two-thirds of the subjects [4 female (2 premenopausal) and 4 male] for GG but was not present in any subject for TP (Fig. 2, Table 1 ).
DISCUSSION
The main finding of this study was that, after an initial excitatory phase, a secondary reflex suppression component was present in the respiratory phasic GG, but not the tonic TP, in response to the same negative-pressure pulse stimuli. These data provide further evidence for the presence of excitatory and inhibitory components to GG and support the hypothesis that GG reflex suppression may originate from transient inhibition of respiratory-related premotor neurons, which normally provide phasic respiratory excitation of hypoglossal motoneurons.
Until recently (13, 14) , the presence of inhibitory components of the GG negative-pressure reflex was overlooked because of the use of moving-time-averaging smoothing techniques. More recent studies, in which GG reflex suppression was identified, were conducted solely in healthy, young male subjects (13, 14) . The data from the present study extend these observations by demonstrating GG reflex suppression in male and female subjects and in a middle-aged group. In the original studies (13, 14) , GG reflex suppression was present in all subjects; in the present study, the secondary suppression phase was present in two-thirds of the subjects. While the reasons for this apparent discrepancy remain uncertain, the larger negative-pressure pulse stimulus employed in the present study (nadir P mask approximately Ϫ16 vs. approximately Ϫ10 cmH 2 O) may have led to a more pronounced initial reflex excitation phase, which then overwhelmed the suppression component in some instances. In support of this hypothesis, the initial GG reflex excitation phase was larger in the present study than in the previous studies (ϳ320 vs. ϳ230% of baseline). Nonetheless, GG reflex suppression was observed in the majority of cases, providing supportive evidence for the prior report.
All the previous studies investigating the reflex response of TP to negative-pressure pulse stimuli employed a smoothing moving time average (50 -100 ms) of the rectified raw EMG signal (24, 39) . As recently highlighted (13, 14) , this technique is useful for characterizing generalized patterns of activity during the relatively slow time frame of tidal breathing. However, it inevitably distorts the details of the EMG response, such as the relationship between excitatory and inhibitory responses and, particularly, their latencies. Thus, elucidation of transient short-latency excitatory and/or inhibitory components is likely to be beyond the resolution of the previously employed techniques. Thus, by analyzing the rectified raw EMG TP without using a sliding-window smoothed average in G GG G TP Fig. 2 . Characterization criteria used to define GG (EMGGG) and TP (EMGTP) reflex components and timing properties for each subject. Traces represent ensemble average of rectified EMG (n ϭ 85 replicate trials) and corresponding Pmask profile in a representative subject (54-yr-old woman). Values are means Ϯ SE. GG, genioglossus; TP, tensor palatini; Pmask, mask pressure; Pcho, pressure at chonae; Pepi, pressure at epiglottis. *Significantly different from GG. †Because excitation duration was defined as time from excitation onset to suppression onset, excitation duration could not be quantified for TP.
the present study, we have revealed a short-latency excitatory reflex response with no evidence of reflex suppression. While the onset occurred more rapidly for TP than GG, the timing and amplitude of the excitatory peaks were quantitatively similar.
Mechanisms for GG Reflex Suppression
The GG negative-pressure reflex arc is believed to be mediated via pressure-sensitive mechanoreceptors in the pharyngeal airway that relay sensory information via the superior laryngeal nerve to the nucleus tractus solitarius within the brain stem. Recent data from rat experiments suggest that an adjacent group of neurons, termed the "periobex," may also play a role in regulating the reflex response to negative pressure (10) . The motor output to GG originates at the nearby hypoglossal motor nucleus and is relayed via the medial branch of the hypoglossal nerve (15, 20, 25, 32, 40) . Although fewer data are available, the excitatory phase of the TP negative-pressure reflex is believed to be mediated in a manner similar to that of the GG negative-pressure reflex; however, it is innervated via the mandibular branch of the trigeminal nerve and trigeminal motor nucleus, rather than the hypoglossal motoneurons (6, 20, 39) . Consistent with this notion, the initial reflex excitation component was remarkably similar in GG and TP, in terms of peak reflex latency and amplitude to the same negative-pressure stimulus.
Preliminary single motor unit analyses support the notion that reflex inhibition, rather than motor unit synchrony, is the cause of the secondary GG reflex suppression phase (14) . The absence of TP reflex suppression, despite similar initial reflex activation in response to the same negative-pressure pulse stimuli in the present study, provides further support for GG reflex inhibition, rather than motor unit synchrony. Given the strong input from respiratory pattern generator neurons to GG, but not TP, the observation that reflex suppression to the same negative-pressure pulse stimulus was present in GG, but not TP, is consistent with inhibition of respiratory active neurons to GG as the origin of the observed suppression. Likely sites within the GG negative-pressure reflex arc in which inhibition of respiratory active neurons may lead to reflex suppression are the hypoglossal motor nucleus and the nearby, recently emphasized, periobex region (10) . Indeed, inhibition of the periobex region has been shown to block the GG negative-pressure reflex in rats (10) . Thus these data raise the possibility that GG reflex excitation could be due to disinhibition and that reflex inhibition may be due to disfacilitation of an excitatory input. However, such hypotheses are difficult to test in humans.
The present study and the existing literature on GG respiratory reflex suppression have focused on inspiratory reflex suppression (13, 14) . Recent reports utilizing single motor unit techniques within GG have identified various subclasses of motor unit firing patterns, including some motor units that fire predominantly during expiration (4, 33, 42) . Thus, it would be interesting to utilize the combined techniques of improved multiunit temporal resolution (as employed in the present study) and single motor unit analyses, which provide improved spatial resolution, to gain further insight into the mechanisms of GG reflex suppression and its potential role in the commonly observed expiratory airway collapse (28) .
Finally, the timing and characteristics of the reflex inhibition observed in other respiratory muscles in response to respiratory loading (e.g., diaphragm, parasternal intercostal, and scalene) (7-9, 11, 13, 19, 30) were very similar to the previous GG reflex suppression reports (13, 14) and the present observations. Thus, taken together, these data suggest that similar mechanisms may be involved in the genesis of these reflex components.
Methodological Considerations
We studied upper airway reflex responses during wakefulness in middle-aged healthy men and women, rather than patients with disease or during sleep, because of the many potential confounding factors associated with sleep-disordered breathing and sleep-related effects on upper airway muscle tone. While the present design allowed us to examine accurately the differential effects of GG vs. TP negative-pressure reflexes and gain insight into the likely origin of GG reflex suppression, reflex responses may differ in elderly subjects (22) , in patients with obstructive sleep apnea (5, 29) , between sexes, according to menstrual phase/menopausal status, or during sleep (16, 38, 39) [particularly in rapid eye movement sleep, when muscle tone is markedly reduced (12, 21, 41) and profound GG reflex inhibition is present (14, 35) ].
In addition, the use of lidocaine for instrumentation in our experimental set-up may have altered afferent sensations and the measured EMG responses. However, while it remains possible that minor residual effects of this agent may have had a small effect on the reflex responses, we believe that a major effect is unlikely because of the small (Ͻ1-ml) doses of lidocaine and the short (Ͻ30-min) duration of its effects, and experimental manipulations were not performed until well after (Ͼ60 min) the anesthetic agent's effects had worn off.
Summary and Conclusions
Upper airway dilator muscle reflexes to negative pressure are important in maintaining airway patency. Thus, understanding the underlying mechanisms and behavior of upper airway dilator muscle reflexes provides important insight into the pathogenesis of sleep-disordered breathing. This study has demonstrated the presence of an initial excitatory reflex component in GG and TP of similar peak latency and amplitude in response to the same negative-pressure pulse stimuli in healthy middle-aged men and women during wakefulness. In addition, a secondary reflex suppression phase was present in GG, but not TP. These data provide further evidence for excitatory and inhibitory components of GG. Furthermore, given the known differential inputs to these two upper airway dilator muscles [GG (phasic with strong respiratory input) vs. TP (tonic with minimal respiratory input)], these data support the hypothesis that GG reflex suppression likely arises from transient inhibition of respiratory-related premotor neurons, which normally provide phasic respiratory excitation of hypoglossal motoneurons. The therapeutic implications of our findings are unclear.
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